A laboratory mixing apparatus used to prepare test specimens of columns of soil mixed with slurries consisting of clay, typically bentonite, and granular zero-valent iron (ZVI) is described. The slurries are injected and simultaneously mixed into the soil via a hollow-stem auger to mimic the process that occurs in the field associated with the remediation of source zones contaminated with chlorinated solvents (e.g., carbon tetrachloride and trichloroethylene) using large-diameter (e.g., 2.4 m or 8 ft) hollow-stem augers. The presentation includes descriptions of the testing apparatus and procedures for preparing the test columns, mixing the slurries into the base (host) soil, and determining the resulting vertical distributions in the physical properties (e.g., unit weight, water content, porosity, void ratio, clay content, ZVI content, and degree of saturation) of the post-mixed column specimens. Example results of the vertical distributions in physical properties as well as of treatability studies for base soils that were contaminated with chlorinated solvents are provided to illustrate the use of the laboratory apparatus and testing procedures.
Introduction
In situ soil mixing (ISSM) is a technique that involves the introduction and blending of one or more engineered additives with subsurface soils. Traditionally, ISSM has been used for geotechnical engineering applications involving hydraulic cut-off walls, excavation support walls, ground treatment, liquefaction mitigation, and in situ improvement, piles, and gravity structures (Porbaha 1998a (Porbaha , 1998b FHWA-RD-99-138 2000; Topolnicki 2004 ). ISSM also has been used extensively in environmental remediation applications, including applications involving containment, stabilization, and treatment of subsurface contamination (Ryan 1987; Gazaway and Jasperse 1992; Day and Ryan 1995; Shackelford and Jefferies 2000) . In terms of immobilizing subsurface contamination, in situ stabilization involves mixing contaminated soils with reagents, typically pozzolanic materials such as cement, fly ash, lime, and slag (Jasperse and Ryan 1992; Kosinski et al. 1992; Walker 1992; Day and Ryan 1995; Wheeler 1995; Al-Tabbaa et al. 1997; Al-Tabbaa and Evans 1999; Shackelford and Jefferies 2000; Al-Tabbaa 2003; Hernandez-Martinez and Al-Tabbaa 2004; Evans 2006; Osman and Al-Tabbaa 2007) .
Within the past decade, ISSM also has been used increasingly to deliver chemical reagents that degrade contaminants in the subsurface. Typically, this use has been applied in areas where nonaqueous phase liquids (NAPLs) have infiltrated into the subsurface soils creating contaminated bodies of soils commonly referred to as "source zones" (National Research Council (NRC) 2005) . For sites where the NAPLs have included chlorinated solvents, such as perchloroethylene (PCE), trichloroethylene (TCE), and carbon tetrachloride (CT), the source zones have been treated via ISSM by using a mixture of granular zero-valent iron (ZVI) and a processed clay (i.e., bentonite or kaolin) in the form of a ZVI-clay-water slurry. This approach to treating NAPL contaminant source zones has become referred to as the ZVI-clay technology.
The ZVI in the ZVI-clay technology reacts with chlorinated solvents resulting in reductive dechlorination, a chemical process whereby the chlorine (Cl) associated with the chlorinated solvents is replaced progressively by protons ͑H + ͒ and subsequently released to the surrounding environment as chloride ͑Cl − ͒ (Gillham and O'Hannesin 1994; Wadley 2002; Wadley et al. 2005) . The clay serves to enhance sorption of the contaminants within the mixed zone thereby decreasing the mobility of the contaminants and increasing the time for reaction between the ZVI and contaminants, and decrease the hydraulic conductivity of the mixed zone thereby inhibiting the contaminant mass flux emanating from the mixed zone (Castelbaum and Shackelford 2009) . Also, the clay slurry serves as a drilling fluid that reduces the mechanical energy required to mix the soils, as well as suspending the ZVI and facilitating means of improving the uniformity of the post-mixed body.
The first two field projects involving the ZVI-clay technology used kaolin as the processed clay (Shoemaker and Landis 2002; Shackelford et al. 2005) . However, all subsequent field projects have used bentonite. The current preference for bentonite is due, in part, to the requirement for less bentonite in terms of both achieving a suitable slurry viscosity and reducing the hydraulic conductivity of the mixed zone.
Concurrent with increased field applications of the ZVI-clay technology has been a need to conduct basic research and site specific treatability studies to resolve appropriate mixtures of reactive media and clays (e.g., Olson 2005) . Of 15 site specific treatability studies with which the authors have been involved, five have led to full-scale field applications, six have had favorable results with field projects pending, and four have resulted in decisions to pursue other alternatives technologies. Primary variables among the studies have included different types of soil (i.e., clays, silts, and sands), different sources and amounts of additive materials (i.e., ZVI, clay, and/or other additives), and different types of contaminants and contaminant concentrations.
Research and treatability studies have involved the use of a specially developed laboratory mixing apparatus and complementary procedures for preparing representative test specimens. The laboratory mixing apparatus mimics the mixing that occurs during fieldscale ISSM and allows for reproducible mixing while varying a single parameter, such as the amount of clay or ZVI. In addition to preparing mixed specimens for treatability studies, the mixing apparatus has been used to evaluate the vertical distributions of physical properties within the mixed zone (Castelbaum 2007) , the decrease in hydraulic conductivity resulting from the addition of bentonite to the mixed zone (Castelbaum 2007; Castelbaum and Shackelford 2009 ) and the consolidation properties of the mixed zone (Sample 2007) .
Accordingly, the objective of this paper is to present and describe the mixing apparatus and related procedures for preparing test specimens. The presentation includes a detailed description of the mixing apparatus, specimen preparation and testing procedures, and some examples of results. In addition to studies involving the ZVI-clay technology, the mixing apparatus and procedures may be beneficial in the study of other ISSM applications, such as contaminant containment and stabilization as well as more traditional geotechnical applications.
Mixing Apparatus and Procedures

Mixing Apparatus
The mixing apparatus was designed to mimic field mixing in the laboratory. A detailed schematic and photographs of the mixing apparatus are shown in Figs. 1 and 2, respectively. All system components are mounted on a four-legged platform with wheels for mobility. The apparatus has three key operations similar to field-scale soil mixing equipment: (1) vertical movement of a hollow-stem auger (HSA), (2) rotation of a HSA, and (3) injection of the slurry. Each of these operations is independently powered and controlled.
Vertical movement is driven by a 1/3 hp AC electric motor (Dayton 5K537 right angle gear motor, Dayton Motor Co., Dayton, TX) that is mounted at the top of the apparatus (Fig. 1 ). This motor is geared to rotate two threaded screws that raise or lower the underlying platform (to which the auger and auger rotation system are attached) at a fixed rate of 10.2 cm/min (4.0 in./min). Electrical micro-switches (not shown) can be adjusted to control the upper and lower limits of travel.
The auger rotation system consists of a 1/12 hp variable speed DC electrical motor (Dayton 47726A permanent magnet gear motor, Dayton Motor Co., Dayton, TX) and rheostat control (Figs. 1, 2(a), and 2(b)). The rate of auger rotation (reversible) is adjustable up to ϳ21 rpm.
The slurry injection system also includes a 1/12 hp motor and rheostat control (as above) attached to the apparatus as shown in Figs. 1, 2(a), and 2(c). The slurry injection system also includes a reservoir comprised of a stainless steel cylinder 50 cm (20 in.) in length and 10 cm (4 in.) in diameter (Figs. 1, 2(a), and 2(c)), and a piston. The slurry is delivered by piston displacement through the cylinder via a screw driven actuator connected to the piston and motor. Piston displacement (also reversible) can be adjusted up to ϳ8.6 cm/ min (3.4 in./min), resulting in a maximum slurry displacement rate of 670 cm 3 / min ͑43 in. 3 / min͒.
The slurry displaced from the cylinder is routed through a hose to a swivel connection (Figs. 1 and 2(a)-2(c)), down the HSA (19.0-mm (0.75-in.) o.d., and 14.4-mm (0.567-in.) i.d.), and finally to three 6.8-mm (0.27-in.)-diameter injection ports located below the three auger mixing blades welded to the shaft at an angle of 30°f rom the horizontal and spaced at 120°about the axis of the shaft ( Fig. 2(d) ). The widths of the blades are 15.5 mm (0.610 in.) adjacent to the shaft and 30.9 mm (1.22 in.) at the furthest extent from the shaft. The slurry injection rate is determined based on the amount of slurry required to be delivered in a desired number of downward mixing passes.
Test Columns
Two different column assembly systems have been used. The first system has been used to evaluate the vertical distribution of physical properties of mixed materials and to prepare specimens for measurement of hydraulic conductivity or consolidation behavior via connection to a separate hydraulic control system or consolidation testing apparatus, respectively. The second system has been used to measure rates of contaminant degradation. The systems consisted of either clear acrylic or clear PVC tubing with an inner diameter of 10.2 cm (4.0 in.).
Photographs of the first system are presented in Fig. 3 . This system consists of interlocking sections of clear acrylic tubing with lengths of 2 cm (0.8 in.), 13.4 cm (5.3 in.), 30.5 cm (12.0 in.), 45.7 cm (18.0 in.), or 61.0 cm (24 in.). In all cases, the assembled columns include a bottom or base section that is 8.0 cm (3.1 in.) long. The purpose of the base section of the assembled column is to allow the injection ports and auger blades to pass completely through the mixed zone immediately above the base section. Spacer sections are used at the top of a column assembly as needed. The total number of sections in an assembled column is determined based on the length of column needed to accommodate the estimated post-mixed total volume of the slurry mixed soil for a given set of test parameters.
The second system used for contaminant degradation consists of a single 40-cm (15.7-in.)-long section of clear PVC tubing. Several sampling ports sealed with nylon plugs are located at 5 cm (2 in.) intervals along the wall of the column. The top of each column is sealed using a Cherne Monitor-Well plug (271683, Cherne, Minneapolis, MN). The bottom of the column is sealed by cementing into a plastic (PVC) flange bolted onto an acrylic sheet.
Test Column Preparation
The studies performed to date to determine the vertical distributions in physical properties, hydraulic conductivity, and consolidation behavior of mixed specimens have all involved clean sands (i.e., Ͻ5 % fines) as the base or host soil (i.e., soil prior to injection and mixing of slurry). The procedures for preparing the base soil in all cases are similar, with the only major difference being the amount of base soil added to the column assembly (i.e., the larger the column assembly, the greater the amount of base soil).
First, the empty column assembly and the air dried sand are weighed out separately. The sand then is poured through a funnel and allowed to fall freely into the assembled column. The sides of the column are tapped lightly to facilitate settling of the sand within the column. The total height of the sand within the assembled column is measured and the height of the pre-mixed zone is determined by subtracting 8.0 cm (3.1 in.) to account for the length of the base section. The resulting dry unit weight (density) of the sand in the column is assumed to be uniform. Finally, the assembled column with sand is weighed and secured in the column mixing platform.
Contaminant treatability studies typically are conducted using site specific materials, including the soil, groundwater, and a NAPL. Contaminants targeted for treatment are the site specific contaminants of concern (COCs), which typically include TCE, PCE, and/or 1,1,1-TCA. The test column preparation steps include homogenizing and spiking site soils to target COC levels with the NAPL. Homogenization is accomplished using a hand-held drill (DW235G, DeWALT, Baltimore MD) and standard paint mixing
FIG. 2-Photographs of mixing apparatus: (a) Vertical mixing platform; (b) auger rotation control and swivel connection at top of HSA; (c) injection system control and reservoir; and (d) auger used for slurry injection and mixing: Auger blades and injection ports (left) and injection/mixing front visible during mixing (right).
FIG. 3-Photographs of 10.2-cm-diameter (inner) column sections and assembled columns: (a) Individual 2-cm-long column sections (top-left), 8-cmlong base section (top-right), and 13.4-cm-long column sections (bottom); (b) assembled column using 2-cm-long sections; (c) assembled column using 13.4-cm-long sections; and (d) (l to r) assembled columns using 2-cm-long sections and 15.2-cm-long sections and unassembled sections of variable length.
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Copyright by ASTM Int'l (all rights reserved); Sun Jan 9 tool. Groundwater collected from the site is added to the soil during homogenization to saturate the soils and facilitate mixing. After homogenization, the soil is spiked to target levels (typically ϳ200 mg/ kg total COCs) with the site sample of NAPL. The NAPL is added to the soil in ϳ1 mL increments using a glass syringe (MICRO-MATE 10 cm 3 , Popper and Sons, Inc., Hyde Park, NY) and a standard 22.5 cm (9 in.) stainless steel needle. Spiking is required to account for contaminant losses during soil sampling and subsequent handling. The soil is vigorously blended using the hand-held drill and paint mixing tool after each injection of the NAPL. Aggressive blending is repeated daily over a 3-day period. Soil samples are collected and analyzed (analytical methods are discussed later) to confirm that target levels are attained. Once spiking and blending are complete, the soil is packed into the column assembly using a large stainless steel spoon.
Column Mixing Procedures
The column mixing sequence consists of auger rotation and slurry injection during downward movement (i.e., insertion) and reverse auger rotation only (i.e., without slurry injection) during upward movement (i.e., retraction). The movement of the auger blades completely through the treatment zone in a single direction (i.e., either downward or upward) is considered as a single pass. Slurry is injected only during advancement of the auger, such that the slurry injected is immediately mixed with the soil by the auger blades located just above the injection ports (see Fig. 2(a) ), thereby facilitating mixing by reducing the required mechanical energy (Wadley 2002) . The injection rate is adjusted so that the required volume of injected slurry and, therefore, the target quantities of clay and ZVI are delivered to the mixing zone during insertion of the auger. In cases where the combinations of test parameters resulted in required injection rates that exceed the ability to deliver the minimum volume of slurry in a single downward pass, multiple downward passes with injection and upward passes without injection are performed for consistency.
Testing Procedures
After mixing was complete, the assembled mixed test column is removed from the mixing platform, and the post-mixed weight and height of the test column are measured. The testing procedures after mixing differed depending on the purpose of the specimen preparation (i.e., determination of the vertical distribution in physical properties or evaluation of contaminant degradation). Therefore, brief descriptions of the testing procedures for each of these purposes are provided separately.
Vertical Distributions of Physical Properties
The masses of solid constituents (i.e., soil, bentonite, and ZVI) for each column section are determined directly by weighing after the separation of the soil and ZVI is complete. The mass of water in each section is determined indirectly by subtracting the total mass of solid constituents from the total mass of the soil-slurry mixture.
After the completion of injection and mixing, the top plate, spacer sections, and any empty 2.0-cm (0.8-in.)-long column sections are removed. The remaining 2.0-cm (0.8-in.)-long sections containing any soil-slurry mixture are removed one section at a time by sliding a thin metal plate (ϳ0.6-0.8 mm (0.024-0.034 in.) in thickness) between the two adjacent sections (i.e., the current top section and adjacent section below), as shown in Fig. 4 . The soilslurry mixture, column section, and thin metal plate are placed in drying pans and weighed. With all constituent material masses known, the relevant phase relations of the mixed column can be calculated. These phase relations include the gravimetric water content ͑w͒, total and dry unit weights (␥ t and ␥ d ), void ratio ͑e͒, porosity ͑n͒, and degree of water saturation ͑S͒, where w is defined as the mass of water divided by the total dry mass of all constituent solids (i.e., soil, bentonite, and ZVI). All of these same properties also are determined for the soil-slurry mixture in the 8.0-cm (3.1-in.)-long base section to allow the determination of mass balances of the constituent materials.
The iron content (IC) and bentonite content (BC) also are determined, where IC and BC are defined as the dry mass of iron or bentonite divided by the dry mass of soil, respectively. The determination of IC and BC requires separate testing procedures, as described subsequently.
The BC of the soil-slurry mixture is determined by a test method based on measuring electrical conductivity (EC) as described by Abu-Hassanein et al. (1996) . The advantages of this test method are that (1) the bentonite is removed from the soil-slurry mixture by washing, which facilitates the recovery of the ZVI after oven drying, (2) the required equipment, which is the same as that used for analysis (i.e., ASTM D422 (2005)), is readily available, and (3) the procedures can be performed quickly, typically Յ20 min.
The EC readings are converted to a bentonite concentration, C B (g/L), through the use of EC -C B calibration curves developed using 1 L slurries with known values for C B (Abu-Hassanein et al. 1996) . Soil-specific EC-C B calibration curves, such as those shown in Fig. 5 , are required because the type and characteristics of the native soil to which the bentonite is added could affect the EC of the soil-slurry mixture (Abu-Hassanein et al. 1996) . As shown in Fig.  5 , the soils used for evaluation of the vertical distribution of physical properties (i.e., processed clean sands) did not have a significant effect on the EC of the bentonite slurry.
For each 2.0-cm (0.8-in.)-long column section, 1 L of bentonite slurry is produced from the soil-slurry mixture. Since the unit for C B is g/L, the value for C B is the same as the mass of bentonite in 1 L of the bentonite slurry and, therefore, the mass of bentonite in the soil-slurry mixture within the 2.0-cm (0.8-in.)-long column section. Therefore, in this case, the BC (%) is determined simply by dividing the C B by the dry mass of soil in the 2.0-cm (0.8-in.)-long column section.
After the removal of all of the bentonite from the soil-slurry mixture contained in an individual column section to determine the BC as previously described, the remaining soil-ZVI mixture is transferred to a drying pan. The 1 L of bentonite slurry is poured over a 0.075 mm (No. 200) sieve after determination of the EC, and any soil or ZVI particles retained on the sieve are washed with a spray of tap water until the wash water passing through the sieve is clear. Any small particles retained on the sieve are transferred to the soil-ZVI mixture in the dying pan, which then is placed in an oven at 110±5°C overnight.
The dry soil-ZVI mixture is removed from the oven and reweighed. After cooling to room temperature, the soil-ZVI mixture is spread in a thin layer on top of cardboard poster stock paper. The ZVI particles are separated physically from the soil-ZVI mixture using the magnetic device shown in Fig. 6 (a) (model #90233, Harbor Freight Tools, Camarillo, CA). The magnetic device is held just above, and slowly passed over, the layer of the soil-ZVI mixture, thus removing any "magnetic" materials consisting of individual ZVI particles and "finer" soil adhering to the ZVI particles. The recovered magnetic materials are transferred to a ceramic mortar. The layer is stirred further to expose additional ZVI, and the procedure is repeated until no additional magnetic materials are recovered. The soil then is transferred back to the drying pan.
The recovered magnetic materials in the ceramic mortar are agitated using a rubber-tipped pestle to break apart the soil adhering to the ZVI particles. This mixture is spread out again in a thin layer on top of cardboard poster stock paper, and any additional magnetic materials recovered using the magnetic device are transferred back to the ceramic mortar. The soil that is removed is added to the drying pan. This process is repeated, resulting in progressively less soil adhering to the ZVI, until finally only the ZVI particles are recovered. The soil and recovered ZVI then are weighed. A photograph of separated soil (i.e., sand) and ZVI after the final repetition of the procedure is shown as Fig. 6(b) .
Contaminant Degradation
The mixing of specimens to evaluate contaminant degradation was performed directly in the column system previously described. Each column is mixed in six passes with slurry injection during the first downward pass. The subsequent five passes are completed to achieve a more uniform mixture. The total time to mix each column typically is ϳ20 min.
After mixing, the column is sealed as quickly as possible after collecting an initial sample of the slurry mixed soils from the top of the column and installating of a gas collection apparatus. In general, the mixed columns are sealed within 5 min of the completion of mixing and remained sealed (with noted local exceptions for soil sampling) throughout the duration of an experiment. The sealed columns, or reactors, are stored in a water bath at room temperature. The objectives of the water bath include limiting oxygen exposure, precluding drainage of fluid from the slurry mixed soils, and minimizing daily temperature fluctuations.
Samples of the slurry mixed soils are collected after approximate reaction times of 0, 3, 14, 28, and 56 days. The initial samples collected immediately after mixing correspond to a zero reaction time. Subsequent soil samples are collected from the sampling ports. Soil samples are collected using 1-cm͑0.4-in.͒-i.d. ϫ 10.2-cm͑4-in.͒-long copper coring tubes. Soil sample collection requires temporarily removing the nylon plug from a sample port, thus locally exposing the interior of the column to atmospheric oxygen. To minimize entrapped oxygen, 1-cm (0.4-in.)-glass tubes are inserted into the cavity remaining after sample collection before re-sealing the sample port. Immediately after the collection, samples are extruded from the coring tube into a 20-mL vial containing 10 mL of methyl tertiary butyl ether extractant. The soilextractant mixture then is agitated for ϳ1 h using a highfrequency sieve shaker (model 18780, CSC Scientific, Inc., Fairfax, VA). After agitation, the soil-extractant mixtures are stored at 4°C for at least 4 days to allow for complete partitioning of contaminants into the organic phase.
Samples typically are analyzed for chlorinated volatile organic compounds, including TCE, PCE, and/or 1,1,1-TCA. An analysis of these contaminants is conducted on a Hewlett Packard 5890 Series II gas chromatograph with an Agilent DB-624 column and electron capture detector. Also, chloride (Cl − ) is released during reductive dechlorination, such that an increase in Cl − in treated col- 
FIG. 6-Magnetic separation process: (a) Magnetic pick-up device being passed over thin layer of sand-ZVI mixture removing magnetic materials; (b) final relative amounts of recovered ZVI particles (left) and separated sand (right) after repeated agitation using a ceramic mortar and a rubber-tipped pestle.
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After the collection of the samples, the slurry mixed soils in each column are monitored for pH and oxidation-reduction potential (ORP). These parameters provide evidence that reducing conditions are present in the columns and that reductive dechlorination can occur. A combination electrode (9107BMND, Thermo, Waltham, MA) calibrated in pH 4 and 7 buffer solutions is used to measure pH. The ORP is measured using a combination electrode (9678BN, Thermo, Waltham, MA) with 4M Ag/AgCl reference solution. Measured ORPs are converted to a standard hydrogen electrode (SHE) basis.
Example Results
The nature of the results obtained from the specimens prepared using the column mixing apparatus are illustrated subsequently in terms of the vertical distributions in physical properties and chemical treatability.
Vertical Distributions in Physical Properties
Examples of the vertical distributions in physical properties of replicate columns of sand injected with ZVI-bentonite slurry are shown in Fig. 7 as a function of the normalized depth within the column. The distributions in phase relationships are shown in Fig.  7 (a)-7(f), and the distributions in BC and IC are shown in Figs. 7(g) and 7(h), respectively. The sand was poorly, graded, fine Ottawa sand (Grade F-58 foundry sand, U.S. Silica Co., Ottawa, IL), and the bentonite was powdered, polymer modified, air-float sodium bentonite (Hydrogel ® , WYO-BEN, Inc., Grey Bull, WY). Additional characteristics of these two soils, including the particle-size distribution of the sand and the physical and chemical properties and mineralogical composition of the bentonite, are provided by Castelbaum and Shackelford (2009) . The granular ZVI (Peerless Metal Powders & Abrasive Co., Inc., Detroit, MI) was comprised of fine particles with sizes ranging from 0.150 to 0.300 mm and a measured specific gravity of solids (ASTM D854 (2005) The results indicate excellent reproducibility among the four replicate columns. The results also reflect the vertical expansion that occurs nearer the top of the column due to injecting the slurry into the initially dry sand and the greater degree of confinement with depth within the columns. For example, the approximate top third of the columns is characterized by high void ratios (Fig. 7(a) ), porosities ( Fig. 7(b) ), and water contents (Fig. 7(c) ) and low unit weights (Fig. 7(e) and 7(f) ), whereas the approximate bottom two thirds of the columns is characterized by lower void ratios, porosities, and water contents and higher unit weights, all of which are more uniformly distributed. Similar expansion occurs in field applications of the ZVI-clay technology (e.g., Shackelford et al. 2005) , although the expansion in the field is three dimensional (i.e., versus the one dimensional expansion that occurs in the laboratory mixed columns).
In contrast, the values of the degree of water saturation, S, shown in Fig. 7(d) , tend to be more uniformly distributed throughout the entire length of the columns relative to all of the other parameters, although there is significant scatter in the data, with some of the values of S nearer the bottom of the columns being greater than 100 %, illustrating the experimental complications in measuring this specific parameter. Overall, the values of S suggest that all of the post-mixed columns where at or near complete saturation, which is in stark contrast to the initially dry condition of the premixed sand.
Photographs showing the conditions of columns containing initially dry sands during the slurry injection and mixing process are shown in Fig. 8(a) and 8(b) . The typical post-mixed consistencies of columns containing initially dry sands injected and mixed with ZVI-bentonite slurry as a function of location within the column are indicated in Fig. 8(c) . The post-mixed consistencies reflect the previously discussed physical property distributions indicated in Fig. 7 , where the approximate top third of the column is characterized by very loose mixtures with extremely high water content and low unit weights, and the approximate bottom two thirds of the columns is characterized by stiffer mixtures with lower water contents and higher unit weights.
Chemical Reactivity
Example chemical reactivity results from a treatability study illustrating the degradation of TCE, PCE, and 1,1,1-TCA and the pro- 9. The site soil consisted primarily of a silty clay based on site geologic logs and logging of field recovered soil samples. The particlesize distribution for the site soil was not determined. Prior to mixing, the measured gravimetric water content for the site soil was 27 %, and the measured dry density was 1.42 g / cm 3 ͑88.6 lb/ ft 3 ͒. The site NAPL was comprised of toluene and TCE with lesser amounts of PCE and 1,1,1-TCA.
The ZVI was obtained from Peerless Metal Powders & Abrasive Co., Inc., Detroit, MI, and is designated as "ZVI Cast Iron 50/200" granular iron, with at least 95 % of the iron particle sizes between the No. 50 (0.300 mm) and No. 200 (0.075 mm) U.S. standard sieves. The bentonite was Black Hills Bond Unaltered Wyoming Sodium Bentonite (Black Hills Bentonite, Mills, WY). Product specifications indicated at least 95 % fine-grained material (i.e., Ͻ0.075 mm in diameter). The bentonite slurry used for mixing consisted of a 7 % mixture of bentonite in tap water. The target bentonite level in the soil was 1 % (dry wt.). The ZVI was added to the slurry in proportion to bentonite to achieve target levels upon delivery. The ratios of ZVI to bentonite in the slurry were 0.5, 1, 2, and 4 for target levels of ZVI in the mixed soil of 0.5, 1.0, 2.0, and 4.0 %, respectively.
As shown in Fig. 9 for the sample containing 4 % ZVI, TCE was reduced to the detection limit (i.e., 0.8 mg/kg) within 28 days. The addition of 2 % ZVI reduced TCE to 13.6 mg/kg in 56 days. The degradation of PCE proceeded at a slower rate than TCE, with 4 % ZVI resulting in the most rapid degradation of PCE. 1,1,1-TCA also was reduced to the detection limit (i.e., 0.44 mg/kg) in all columns within 14 days.
As noted previously, reductive dechlorination results in the formation of chloride ͑Cl − ͒. Thus, an increase in Cl − levels over time provides evidence that reductive dechlorination is occurring. Chloride concentrations appear relatively constant in the control column (i.e., 0 % ZVI), with the exception of the anomalously high data for a reaction time of 3 days. As expected, the most elevated chloride concentrations were measured in the column with the most effective treatment, i.e., the column containing 4 % ZVI (Fig. 9(d)) .
Measured values of pH and ORP measured at the conclusion of the experiment are shown in Table 1 . The low ORP values in treated columns indicate that reducing conditions were present in treated columns, thereby allowing reductive dechlorination to occur. From a comparison of ORP values in ZVI-treated columns versus the untreated control column, the ZVI appeared to have been driving the reducing conditions. The apparent trend of increasing pH with the increasing ZVI content provides further evidence that anaerobic corrosion of iron was occurring.
Summary and Conclusions
A laboratory mixing apparatus used to prepare test specimens of columns of soil mixed with slurries consisting of clay (bentonite or kaolin) with or without granular ZVI was described in detail. Slurries were injected and simultaneously mixed into the soil via a hollow-stem auger (HSA) to mimic the in situ soil missing (ISSM) process that occurs in the field associated with the remediation of source zones contaminated with chlorinated solvents (e.g., CT and TCE) using large-diameter (e.g., 2.4 m or 8 ft) HSAs. The mixing apparatus and procedures also may be beneficial in the study of other soil mixing applications, such as contaminant containment and stabilization as well as traditional geotechnical applications of ISSM Example results are provided in the form of vertical distributions of physical properties of columns containing initially dry sand injected and mixed with a ZVI-bentonite slurry. The physical properties included traditional geotechnical phase relationships (i.e., gravimetric water content, degree of water saturation, dry and total unit weights, void ration, and porosity) as well as the IC and BC. The results indicated excellent reproducibility in the distributions among the several replicate columns. The results also reflected the greater degree of confinement with depth within the columns, with higher water contents, void ratios, and porosities and lower unit weights in the approximate top third of the post-mixed column specimen relative to the bottom two thirds of the post-mixed column specimen. This variability resulted from the vertical expansion of the mixtures that occurred due to injecting the slurry into the base (host) soil. Similar expansion occurs in field applications, although the expansion in the field typically is three dimensional versus the one dimensional expansion in the laboratory mixed columns. Finally, the use of the mixing apparatus to prepare specimens for chemical treatability analysis associated with the ZVI-clay remediation technology was illustrated. Typical chemical reactivity results showing the degradation of TCE, PCE, and 1,1,1-TCA and the production of chloride as a result of injecting and mixing ZVIbentonite slurries into a site specific soil spiked with TCE, PCE, and 1,1,1-TCA were shown. The results were consistent with the expected effects in terms of the effect of ZVI on the temporal variations in the concentrations of the chemicals.
